A significant reduction in energy consumption through the recovery of waste heat could be achieved by efficient materials for thermoelectric power generation [1, 2] . Efficient thermoelectric materials require ''electron crystal, phonon glass'' behavior, combining both good electric and poor thermal conductivity [3] . Both parameters, and respectively, determine the figure of merit ZT S
2 T= e l of a thermoelectric material, where T; S; e , and l are the temperature, Seebeck coefficient, and electronic and lattice contribution to the thermal conductivity, respectively. Good thermoelectric materials with ZT > 1 are typically semiconductors, in which doping maximizes S 2 , while crystalline order preserves high carrier mobility. The lattice thermal conductivity l plays a key role in optimizing the figure of merit, since e is proportional to (Wiedemann-Franz law). Traditional concepts of phonon scattering are based on structural disorder and consider point defects with either atomic substitution altering mass and bond stiffness, or filling of cagelike structures such as the skutterudites [4 -6] and clathrates [7, 8] by heavy incoherently rattling atoms, and more recently, larger defects in nanostructured materials [9] .
Among thermoelectric materials, zinc antimony, known in literature as Zn 4 Sb 3 , exhibits an outstanding figure of merit between 450 K and 670 K with ZT 1:3 at 670 K, owing to its particularly low thermal conductivity [10, 11] . Sufficient electronic conductivity follows from a low electronic carrier concentration accompanied by high carrier mobility in this rather covalent material [12] . The structure and precise stoichiometry of Zn 4 Sb 3 has been under debate for decades [13] [14] [15] [16] [17] [18] . The proposed structures are variants of the Zn 6 Sb 5 unit cell, shown in Fig. 1 , including structural disorder due to additional Zn interstitials (17%) and Zn vacancies (10%) [13, 14, 18] and have been derived from comprehensive diffraction studies and analyses by maximum entropy methods. The conjecture has been made that the structural Zn disorder associated with interstitials and vacancies causes phonon scattering and explains the low thermal conductivity [13, 14] . However, efficient phonon scattering can be expected from the interaction of the heat carrying acoustic phonons with phonons that are sufficiently low in energy to cross the acoustic branches and are highly thermally populated, directing research towards soft local modes. In view of masses and bonding distances in Zn 4 Sb 3 , rather than the Zn interstitials, a more likely candidate for such a soft mode is the rattling of the heavy Sb 2 dumbbells (12c site; see Fig. 1 ), particularly so because the dimerization of antimony along the c axis into tightly bonded dumbbells opens rattling space.
Herein we report inelastic neutron scattering and heat capacity measurements that identify in Zn 4 Sb 3 a new type of dynamical disorder: soft localized dumbbell vibrations of Sb dimers with an energy of 5.3 meV (62 K). This dynamic disorder evolves from regular atoms rather than from structural disorder and is believed to be the origin of low thermal conductivity found in this material. The sample has been prepared by direct reaction of the constituent elements from an ingot with the nominal composition of Zn 4 Sb 3 . Zn, purity >0:99999, etched to remove oxides, and Sb, purity >0:999, have been molten in sealed quartz tube under 800 mbar Ar atmosphere. The phase purity of the sample has been checked by x-ray powder diffraction and the pattern agrees with Ref. [13] . The heat capacity measurement was performed on 9.2 mg of Zn 4 Sb 3 between 2 and 300 K in a physical property measurement system from Quantum Design. The measured heat capacity is identical to that reported in Ref. [10] , except for a sharper signature of the first order phase transition at 250 K in the present sample.
Our heat capacity measurements of Zn 4 Sb 3 reveal the signature of a prominent soft local mode in the low temperature regime; see Fig. 2 . Within a simple model, one Einstein mode in addition to the Debye contribution is required to account for the heat capacity. This modeling yields that 15% of the atomic degrees of freedom exhibit an Einstein oscillator behavior with energy E r 5:31 meV, and a Debye temperature of 240(2) K for the remaining average phonon contribution. The heat capacity also exhibits the structural transition [17] observed near 255 K. A possible explanation for the Einstein mode can be given by the rattling of Sb dimers. The high temperature limit of the lattice contribution to heat capacity is 3k B per atom and partial contributions reflect percentages in atomic degrees of freedom. The total atomic fraction of dimerizing Sb atoms is between 17.6% and 19.5% depending on the structural model [13, 16] . Assuming that apart from the dimer stretching mode all other 5 out of 6 degrees of freedom of the two dumbbell atoms are involved, they would account for 14.7% to 16.3% of the heat capacity. The opening of rattling space by Sb dimerization occurs in a preferential direction along c, and rattling in a single direction would only account for 1=6 of the dumbbell degrees of freedom. This constitutes a more likely scenario when including an additional contribution from the drag of neighboring atoms and dumbbell librations at slightly higher energy.
The inelastic neutron scattering experiments have been carried out on the thermal time-of-flight spectrometer SV29 at the Jülich research reactor using a polycrystalline rod of approximately 8 cm 3 Zn 4 Sb 3 . The measured background has been subtracted from the data and a standard vanadium calibration has been applied. Inelastic neutron powder scattering may provide an estimate for the phonon density of states and reveal specific correlations in the dynamics. The main feature of the dynamic response in Zn 4 Sb 3 observed by neutron scattering (Fig. 3) is a nondispersive inelastic signal near 5 meV that is symmetric in energy to both sides of the elastic line. The lack of dispersion attests of the localized character of the mode as expected for an Einstein oscillator [19] . The mode must be strongly anharmonic because of its unusual intrinsic width. Most importantly, the inelastic coherent scattering intensity does not increase monotonically with scattering angle as would be expected for phonon scattering of individual atoms, but instead the intensity modulation is characteristic of the pair correlation of a dimer.
The neutron scattering amplitudes of Zn and Sb are similar and their scattering is essentially coherent. For powder scattering, with orientational averaging, the average phonon intensity ( / Q 2 ) is modulated by the characteristic pair correlation of the Sb dumbbell, i.e., a Bessel function sinx=x, where x Qd, Q 4 sin= is the modulus of the scattering vector, and d is the Sb distance in the dumbbell. The scattering is given by SQ; E / For a quantitative analysis we consider three models for the soft vibrations of dumbbells: (i) isotropic modes, (ii) longitudinal modes along the dumbbell axis, and (iii) weakly coupled longitudinal dumbbell modes; see Fig. 3 . Assuming a damped harmonic oscillator, the energy dependence is described by a Lorentzian. Further data analysis shows an additional broad component, centered at E 0, essentially related to multiphonon processes. This contribution is modeled by a Gaussian with intensity proportional to the square of the scattering vector Q, Q-independent width, and centered at zero energy transfer. The parameters of the model refinements are shown in Table I . All considered models provide close quantitative descriptions of the observed inelastic scattering. The pronounced Q dependence of the measured inelastic scattering is well reproduced by dimer oscillations along the dimer 
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125501-2 axis, model (ii) or (iii). Possible correlations to neighboring dumbbells are considered in model (iii); a weak negative correlation between the dumbbells of about 6%
indicates that dumbbells are almost independent but seem to be oscillating antiphase. This model of weakly coupled, longitudinal dumbbells best reproduces the observed inelastic scattering.
The observed distance, d 2:75 A is typical for near neighbor distances in this material though it is slightly smaller than the 2.82 Å expected for the Sb dimers according to previous structural x-ray studies [13, 15, 16] . The difference may arise from the different types of observation: inelastic neutron scattering yields the true distance between the two swinging Sb nuclei, whereas (the energy integrated) x-ray diffraction yields the average electron density distribution, that, in the case of anharmonic oscillations, will be smeared out towards a slightly larger dumbbell distance. The observed strongly anharmonic rattling of the dumbbell is indicative of a rather shallow potential and in agreement with the unusually large fraction of multiphonon scattering and the large mean square displacements. For longitudinal dumbbell modes, 2W=Q 2 corresponds to a mean square displacement u of Sb on the 12c site, is also in quantitative agreement with ADPs from structure refinements, when taking into account that these are isotropic ADPs.
The excitation energies are in perfect agreement with the specific heat measurements, which also indicate a dominant local Einstein mode of 5.3 meV. The phonon damping related to the Lorentzian width results from interactions between local dimer phonon modes and the propagating acoustic phonon modes and corresponds to their very short phonon lifetime, @=ÿ 3:9 10 ÿ13 s at 300 K. With a mean sound velocity of v s 2:47 10 5 cm s ÿ1 (Ref. [10] ), this lifetime yields the mean free path of the heat carrying acoustic phonons, l 0:96 nm, and is similar to unit cell dimensions. Assuming that these phonon interactions are the dominant scattering term for the heat transport, a simple kinetic gas theory model yields a thermal conductivity c v v s l=3 13:2 mW K ÿ1 cm ÿ1 , where c v 1:68 J K ÿ1 cm ÿ3 is the specific heat (per unit volume) at 300 K, close to the Dulong-Petit limit. This estimation agrees favorably with the recently measured lattice thermal conductivity 13 mW K ÿ1 cm ÿ1 at 300 K obtained by the steady state method [10] . These results are at variance with an earlier lower estimation [11] , obtained by thermal diffusivity, involving a smaller heat capacity, smaller sound velocity and a larger carrier concentration. No abrupt change is seen in the thermal conductivity [10] near 255 K at the order-disorder transition involving Zn atoms [17] . Such a change would be expected if Zn disorder were playing a dominant role in the observed local mode. On the other hand, the dumbbell modes are, as we found by the measurements at 200 and 300 K, not affected by the transition. The inelastic intensities scale fairly well with temperature: therefore, the phonon density of states is essentially temperature independent.
In conclusion, inelastic neutron scattering reveals local soft and strongly anharmonic modes of Sb dimers that dominate and drive the dynamic response. The dynamic disorder by soft dumbbell modes of antimony is quantitatively consistent with the low thermal conductivity in zinc antimony. The present result underscores that dynamic ''rattling'' disorder is crucial for thermoelectric properties and is a feature not restricted to single atoms in cage structures. Here, the size of the objects scattering the phonons is intermediate between single rattling atoms and nanosized objects in superlattice structures [9] whose
